Purpose of review There continues to be an inadequate organ supply and lack of effective temporary support, for patients with liver failure. The purpose of this review is to discuss recent progress in the field of orthotopic pig-tononhuman primate (NHP) liver xenotransplantation (LXT).
INTRODUCTION
The growing success of liver transplantation over the past 5 decades has led to a demand for organs that far outpaces supply. Most recently in 2016, there were 7 810 liver transplants performed in the United States. During this time, however, 1 431 patients were removed from the waiting list as they were felt to be too sick to transplant, and an additional 1233 patients died while awaiting liver transplantation (on the basis of organ procurement and transplantation network data as of May 2017).
The demise of a patient with liver failure is perhaps most tragic in the population of candidates suffering from acute liver failure (ALF) which often occurs in those without preexisting liver disease [1] . Indeed, prior to the introduction of liver transplantation, these patients had an 80% mortality rate with up to 40% of adult ALF patients dying during their index hospitalization [2] . ALF patients who die awaiting transplant spend an average of 3 days on the transplant waitlist prior to their death, highlighting that it is the critical shortage of organs which facilitates their demise [3, 4] . The two-thirds of ALF candidates who are able to achieve emergent liver transplantation, however, have reported a 2-year survival rate of 92% [2] .
In addition to a shortage in supply of liver grafts available for transplantation, the lack of an effective means of providing temporary liver support to help sustain hepatic function and treat progression of accompanying medical disease has compounded the need to develop solutions that ultimately enable liver transplantation. Specifically, although the United States Food and Drug Administration (FDA) has approved artificial liver support systems (ALS), such as the molecular adsorbent recirculating system (MARS), for use in patients with acute toxic liver injury and refractory encephalopathy, an overall survival advantage has not been clearly demonstrated and wide adoption of the technology has been limited [5, 6] .
To address the issue of organ supply and resultant demise of patients with liver failure, clinical application of porcine xenogeneic livers has remained an attractive goal, initially as a bridge to allotransplantation and, eventually, as destination therapy. There are numerous reasons that pigs would be an ideal source for liver xenotransplantation (LXT), especially when compared with other potential donors such as nonhuman primates (NHPs) [7] . Namely, they have good breeding potential, rapid growth, adequate adult organ size, relatively low cost of maintenance, and close anatomic and physiologic similarity to humans [7] . Additionally, considerable knowledge and experience has been gained over the years with regards to tissue typing and genetic engineering making their potential to be optimal donors more likely [7] . Until recently, challenges related to the consistent development of lethal coagulopathy has troubled progress in the field of pig-to-NHP LXT; however, reports suggesting prolonged survival of nearly a month have reinvigorated interest (Fig. 1 ]. In this review, progress in the field of orthotopic pig-to-NHP LXT will be discussed as it pertains to laboratory developments in large animal models that have informed clinical trials which are under consideration.
KEY POINTS
Until recently, advances in orthotropic pig-to-NHP LXT have been limited by lethal coagulopathy manifesting as profound thrombocytopenia, bleeding, and TMA.
Through the use of a(1,3)-galactosyltransferase knockouts (GTKO) and CMV-negative porcine xenografts, baboons receiving exogenous administration of coagulation factors and co-stimulation blockade are capable of surviving for nearly a month.
In individuals who would otherwise die because of the lack of organ availability, experimental application of LXT has the potential to serve as a bridge until an organ is available for allotransplantation. 
LABORATORY EXPERIENCE WITH LIVER XENOTRANSPLANTATION

Wild-type porcine donors
The promise of LXT has persisted since initial observations recorded in large animal experiments performed in 1968 [11] . In this pioneering study by Calne et al. [11] , seven pig-to-baboon orthotopic liver xenotransplants were performed with survival up to 3.5 days. The longest surviving animal in this initial series received steroids and azathioprine for immunosuppression and died from bronchopneumonia with necropsy notable for preserved hepatocytes and evidence of mononuclear cell infiltration of the portal tracts [11] . Subsequent attempts 2 years later using rhesus monkey and chimpanzee as recipients were less successful and notable for recipient death in less than 12 h with evidence of diffuse intravascular coagulation [12] . The following 2 decades would see additional attempts at LXT utilizing wild-type pigs as donors, but with continued limited survival of less than 3 days [13, 14] .
Genetically engineered porcine donors
The consistent development of hyperacute rejection within hours and days suggested that interspecies incompatibilities might preclude even short-term clinical application of LXT and resulted in a scientific trajectory aimed at donor modification [15, 16] . Applying developments in genetic engineering, the introduction of genes in donor pigs for complement-regulatory proteins or the deletion of specific genes responsible for producing antigens for which primates have natural antibodies has been performed. In 2000, Ramirez et al. [17] performed the first pig-to-NHP LXT using a genetically engineered pig expressing human complement regulatory decay accelerating factor (h-DAF or CD55). In this study, baboons with livers from h-DAF transgenic pigs survived for up to 8 days, without any evidence of hyperacute rejection due to the activation of recipient complement in the graft [17] . Clotting factors were found to be synthesized by the h-DAF xenografts and reached near normal levels and had evidence of in-vivo function [17] . In this series, the animal with the longest survival ultimately needed to be euthanized because of the development of septicemia that presumably led to disseminated intravascular coagulopathy [17] .
With encouraging results of transgenic pig liver xenografts expressing h-DAF, Ramirez et al. [18] developed polytransgenic pig livers for transplant. These polygenic pigs expressed h-DAF in addition to the human complement regulator protein CD59 and a-1,2-fucosyltransferase (H-transferase) [18] .
Although recipients of polygenic liver xenografts were noted to have absence of hyperacute rejection and preserved liver architecture on necropsy, survival was limited to between 13 and 24 h with cause of death being thrombosis in three cases and primary xenograft dysfunction in one case [18] .
In addition to donor modifications that introduce new genes, transplantation of livers with deletion of genes, which are felt to lead to interspecies incompatibilities, has also been successfully accomplished. Specifically, the finding that all mammals below old world monkeys (e.g., pigs) express the Gal epitope, and those equivalent and above (e.g., humans) have natural, or preformed, anti-Gal antibodies that target this epitope motivated efforts to produce a(1,3)-galactosyltransferase knockouts (GTKO) [19, 20] . Ekser et al. [15, 21] reported the first results of LXT with GTKO pigs as well as those polytransgenic for GTKO and CD46. Clinically, this study suggested that survival from 4 to 7 days could be achieved and during this time, the liver xenograft was capable of adequate protein synthesis (including albumin, fibrinogen, haptoglobin, plasminogen, and coagulation factors) [15, 21] . Unfortunately, however, recipients developed profound thrombocytopenia which began to develop within an hour after reperfusion and eventually resulted in spontaneous hemorrhage which did not allow for survival beyond 1 week [21] . In a subsequent study of GTKO liver xenografts performed by Kim et al. [16] , utilizing a different immunosuppression regimen (Fig. 1) , survival of 6, 8, and 9 days was accomplished. In the two longest survivors, aminocaproic acid (Amicar) was administered. As a plasmin inhibitor, Amicar inhibited fibrinolysis and it was felt that this helped maintain platelet counts above 40 000 per mm 3 . Unrelated to thrombocytopenia, however, these recipients had persistent blood loss and hemolysis suggestive of ongoing coagulopathy and sepsis, which were ultimately lethal. Notably, at the time of necropsy, there was neither evidence of acute cellular nor humoral rejection.
Exogenous coagulation factor administration
Despite the development of h-DAF transgenic and GTKO pigs over a decade ago [22] , until recently, maximum liver xenograft survival for the last 50 years had been limited to 9 days [16] . As mentioned, the demise of the primate liver xenograft recipient has been the one characterized by dysregulated coagulation which manifests as a profound thrombocytopenia, bleeding, and thrombotic microangiopathy (TMA) [15, 16] , presumed to be due to the activation of the porcine vascular endothelium by low levels of anti-nonGal antibody. Furthermore, historical observations have demonstrated that naive pigs and baboons possess inherent differences in baseline coagulation factor activity. This was most notable in the absence of (or inability to detect with human coagulation factor detection assays) circulating Factor VII(a) in naive pigs [16] . Following LXT, Factor VII activity was only detected on POD 0 and likely represented residual circulating baboon Factor VII, as by POD 2 porcine Factor VII levels had returned to being undetectable in LXT recipients [16] . Given these findings, an attempt to address the coagulation dysregulation using exogenous human coagulation factor administration 6 h following pig-to-baboon LXT was performed [8 && ]. Two different pharmacological agents: Octaplex, a second-generation human prothrombin complex concentrate (hPCC) containing the factors II, VII, IX, and X, as well as Proteins C and S, and NovoSeven, human recombinant activated Factor VII, were used [8 && ]; hPCC was administered in both bolus and continuous fashion, whereas Factor VIIa was given only as a continuous infusion [8 && ]. Bolus administration of hPCC resulted in significant large and small vessel graft thrombosis with survival of only 1 and 3 days in two recipients. In contrast, recipients of continuous coagulation factor administration (n ¼ 4) experienced a substantially decreased transfusion requirement as well as an absence of histological evidence of TMA within the xenografts [8 && ]. Indeed, continuous infusion LXT recipients required only approximately 200 ml of blood to maintain a week-long survival. In contrast, historical controls performed without coagulation factor infusions required approximately 600 ml of blood over the same time frame. Interestingly, the continuous administration of human coagulation factors resulted in either stabilization or an increase in the recipient circulating platelet levels [8 && ].
Despite the avoidance of TMA within the graft and the appearance of spontaneous peripheral platelet count recovery, survival continued to be limited to less than 7 days.
Co-stimulation blockade
On the basis of the aforementioned findings and with recent reports of improved kidney and heart xenotransplant survival utilizing co-stimulation blockade [23
&&
,24], Shah et al. developed a modified protocol which integrated the administration of exogenous coagulation factors with co-stimulation blockade for baboon recipients of pCMV-free GTKO porcine donors (Fig. 2) . With these modifications, four additional pig-to-baboon LXT experiments were performed using a continuous infusion of hPCC and immunosuppression consisting of antithymocyte globulin induction and maintenance therapy with FK-506, methylprednisolone and either belatacept (n ¼ 3) or anti-CD40 monoclonal antibody (mAb) (n ¼ 1) [9,10 && ]. All four recipients demonstrated a significant reduction in blood transfusion requirements after operation and spontaneous recovery of platelet counts beginning as early as POD 4, with peak platelet counts of 614 000 and 709 000 in the POD 25 and POD 29 surviving animals, respectively [10 && ]. This degree of platelet count recovery was likely associated with the postsplenectomy state, with subsequent normalization of this reactive thrombocytosis in the weeks following splenectomy.
Thus, a novel regimen consisting of continuous exogenous human coagulation factor and co-stimulation blockade in baboon recipients of porcine cytomegalovirus negative xenografts has allowed not only for the previously lethal coagulopathy to FIGURE 2. Liver xenotransplant protocol for incorporating continuous exogenous administration of human coagulation factors and anti-CD40 mAb co-stimulation blockade resulting in nearly 1-month recipient survival [10 && ]. aCD40, anti-CD40 mAb; ATG, anti-thymocyte globulin; CVF, cobra venom factor; hPCC, human prothrombin concentrate complex; POD, postoperative day.
be circumvented, but also has achieved for the first time nearly 1-month survival following pig-tobaboon LXT [8 && ,9] . This emphasizes that an NHP can be maintained with the hepatic metabolism of a porcine liver, and holds promise at this early stage for the consideration of initial clinical application of LXT as a bridge to allotransplantation in patients with acute hepatic failure.
CLINICAL EXPERIENCE WITH LIVER XENOTRANSPLANTATION
Orthotopic transplantation
To date, the only case of hepatic xenotransplantation from a pig donor to a human was performed by Makowa et al. [3] in a 26-year-old female patient with fulminant hepatitis and marked encephalopathy and coagulopathy. Because of the worsening condition of the recipient and lack of human donor organ availability, a decision was made to attempt to use a pig liver. The donor graft was obtained from a mature, wild-type, 20-kg Yucatan miniature pig. In order to conduct preoperative plasmapheresis and remove recipient natural antipig antibodies so as to decrease the potential for antibody-mediated rejection, the donor kidneys were perfused ex vivo. Immunosuppression included azathioprine, cyclophosphamide, cyclosporine, and methylprednisolone. After 1 h of plasmapheresis, the pig liver xenograft was heterotopically transplanted inferior to the patient's native liver. A heterotopic approach was chosen because of the decline in the patient's condition and risk associated with donor hepatectomy.
After the operation, an improvement was noted in all organ systems except the central nervous system. Specifically, liver xenograft function was noted by initial bile production, improved lactate clearance, stabilization of prothrombin times, decreased serum bilirubin levels, and decreasing transaminases. Due to worsening neurologic symptoms at 24 h postoperatively, the patient was taken to the operating room as a human donor graft had become available. At this point, the pig xenograft was removed and was noted to be enlarged and congested. Given progressive neurologic failure, however, the allotransplant effort was aborted, and the patient was ultimately declared brain dead.
On immunologic studies, despite successful plasmapheresis of antipig antibodies prior to xenotransplant, antibody measurement after the LXT demonstrated a rise in antidonor antibody within hours. Histologically, there was evidence of vascular damage at 165 min after transplantation. At necropsy, extensive hemorrhagic necrosis and numerous occlusive thromboses of multiple different vessels including the hepatic arteries, central veins, and portal veins were noted. The cause of death in the patient was noted to be from cerebellar herniation secondary to cerebral edema.
Clinical trial consideration
With prolonged survival of orthotopic LXT using genetically engineered porcine livers, clinical trial consideration is underway for the use of this donor supply as a bridge in human transplantation. Appropriate patient selection is paramount for planning safe, ethical, and informative studies. As such, initial trials should focus on including those patients who are unable to wait and for whom no alternative therapy is available [25 & ]. Clinically, these patients often have one of the following three clinical conditions: ALF, primary liver allograft failure due to primary nonfunction or hepatic artery thrombosis within 7 days of transplant, or acute decompensation in the setting of chronic liver disease [25 & ]. In these individuals who would otherwise die because of the lack of organ availability, experimental application of LXT could serve as a bridge until an organ is available for allotransplantation [25 & ]. Assuming success with these initial clinical trials assessing the safety and efficacy of orthotopic LXT, destination therapy can then ultimately be pursued.
CONCLUSION
Advances in donor management, surgical technique, and postoperative immunosuppression over the past five decades has led to excellent survival in liver transplant recipients. Despite this, however, the critical challenge remains a shortage of organs, which, when accentuated by the absence of effective temporary liver support, leads to a progression of disease and waitlist mortality. Encouragingly, recent progress in pig-to-NHP LXT has led to recipient survival of nearly a month. Indeed, with continued achievement of more than 2 weeks' survival in this model, clinical translation as a bridge to liver allotransplantation could be enabled, most notably for the population of patients with ALF in dire need of immediate liver transplantation. With translational impact clearly in sight, it is imperative that the continued work in the field of LXT remains a research priority.
